In a significant number of patients, platelets do not respond to aspirin and/or clopidogrel. Furthermore, this lack of response has recently been shown to affect cardiovascular outcome. At the time of the CAPRIE, CURE, CREDO, and MATCH studies, no in vitro assessment was made to determine platelet response. In vitro platelet response should be considered as an important correctable risk factor for atherosclerotic events. These trials were unable to consider the more recent finding of in vitro platelet resistance to both aspirin and clopidogrel within the general population, which can lead to clinical resistance to or failure of these drugs. This review focuses on our increasing knowledge of the antiplatelet response of aspirin and clopidogrel ( Figure) and how this might affect the application of the results of these four major trials to the general population.
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ASPIRIN RESISTANCE
Aspirin is the first-line antiplatelet therapy in cardiovascular medicine today. The Antithrombotic Trialists' Collaboration, a metaanalysis of now over 250 randomized trials, has documented the powerful effect of aspirin in reducing ischemic vascular events by 22% compared with control in a wide array of atherothrombotic conditions (5) . Aspirin irreversibly inhibits cyclooxygenase (COX)-1 by acetylation of serine-530, which is close to the active site, and thereby affects platelet-dependent thromboxane A 2 (TxA2) formation from arachidonic acid (AA) (6) . TxA2 activates platelets through the thromboxane receptor. In anucleated platelets, COX-1 is rendered inactive. The half-life of aspirin is 20 minutes (7) .
Numerous tests are available to assess in vitro platelet function (8) . The degree of platelet inhibition within a population can vary from 5% to 40% depending on the method used; a standard test for clinical trials is clearly needed. The test should be easy to perform, inexpensive, and reproducible and best represent the in vivo physiology. Platelet aggregometry, either the turbidometric gold standard or impedance method, evaluates response to AA and adenosine diphosphate (ADP), is time consuming and expensive, and can be poorly reproducible. The VerifyNow rapid platelet functional assay offers point-of-care evaluation of platelet aggregation in response to AA and is highly reproducible, simple, and rapid. This assay has increasingly become the method of choice in recent trials. The PFA-100 analyzer determines cessation of high shear flow by platelet plug but is dependent on von Willebrand factor. The P-selectin test uses flow cytometry to detect activation-dependent changes in the platelet surface in response to AA. Although the method is expensive and complex, it is very accurate. The urinary 11-dihydro-thromboxane B 2 test measures a metabolite of serum thromboxane B 2 . It is directly dependent on aspirin targeting COX-1, but it is an indirect measurement and is not platelet specific.
Many mechanisms have been proposed for aspirin nonresponse or resistance (9) . Clinical factors include noncompliance and possible poor absorption of enteric-coated drug. Drug interaction has been demonstrated when ibuprofen is administered <4 hours before aspirin; the interaction is caused by steric interference at the COX-1 binding site (10) . Possible cellular factors include inadequate suppression of COX-1, overexpression of COX-2 mRNA (11), erythrocyte-induced platelet activation (12) , increased norepinephrine as found in acute coronary syndrome, and generation of 8-iso-prostagladin 2 alpha. Genetic polymorphisms have been speculated to affect COX-1 (13), platelet membrane glycoprotein P1(A1/A2) (14) , collagen receptor, and von Willebrand factor receptor (15) .
Monocytes/macrophages have been implicated in the mechanism of aspirin resistance. These cells are another rich source of TxA2, ranking behind platelets. However, unlike anucleated platelets, monocytes/macrophages can regenerate enzymes. The regenerated, uninhibited COX-1 in the macrophages produces prostaglandins that can then be shunted to the platelets, bypassing COX-1 to produce thromboxane. They also have thromboxane receptors. In macrophages, inducible COX-2 is also present and is the enzyme responsible for the major portion of the metabolism of AA, and this raises the possibility that low-dose aspirin may not be sufficient to block TxA2 production through this alternative pathway (16) . Furthermore, COX-2 expression is augmented 10-fold to 20-fold by inflammatory stimuli, such as during acute coronary syndrome, and the TxA2 produced by these nucleated cells may in turn activate platelets (17) .
In an interesting study, Zimmermann et al found that patients who responded to aspirin before coronary artery bypass surgery became transiently resistant to aspirin for up to 10 days after surgery, but terbogrel, a combined inhibitor of thromboxane synthetase and thromboxane receptor, equally prevented thromboxane formation by platelets before and after surgery (18) . In the platelets from patients after coronary artery bypass surgery, aspirin significantly delayed the inhibition kinetics of COX-1, which might not allow sufficient time for enzyme inhibition before conversion to inactive salicylate. This result suggests that aspirin resistance might be overcome by prolonged administration, such as repeated doses during the day. Nitrosylation of platelet COX has been described and found to be associated with alteration of the enzyme's catalytic activity (19) , but it is unknown whether this is related to the impairment of COX-1 acetylation by aspirin. In conclusion, it is clear that aspirin response can show temporal variation.
In 1994 Helgason et al reported the development of aspirin resistance in persons with previous ischemic stroke (20) . They used platelet aggregation with the following four agonists: 500 µmol/L AA, 5 µmol/L ADP, 5 µmol/L epinephrine, and 0.8 µg/L collagen. Hyperaggregability was defined as increased sensitivity to more than one agent, the presence of spontaneous aggregation, or both. In contrast, the present methods of platelet aggregation use only AA and ADP as agonists. Helgason followed 306 patients for 33 months and found that the antiplatelet effect of a fixed dose of aspirin was not constant over time. Pulcinelli et al reported that inhibition of platelet aggregation by aspirin progressively decreased in patients for 24 months but showed no change with ticlopidine (7). However, it should be noted that this loss of aspirin platelet inhibition was found to be significant only when the agonist was 2 µg/mL of collagen and not when the agonist used with aggregometry was 1 mmol/L AA with 2 µmol/L ADP.
Over the past few years, there has been increasing evidence of a relationship between variability in response to aspirin and clinical events. The Heart Outcomes Prevention Evaluation (HOPE) study measured baseline urinary 11-dehydro-thromboxane B 2 levels, which serve as a marker of thromboxane generation, in a subgroup of patients taking aspirin (21) . The investigators found that those in the highest quartile of urinary thromboxane generation had twice the risk of myocardial infarction (MI) of those in the lowest quartile. The investigators concluded that incomplete suppression of thromboxane generation was the cause of increased events. Gum et al (22) performed a prospective, blinded analysis of 326 stable cardiovascular patients, 17 (5.2%) of whom were identified as aspirin resistant as determined by optical platelet aggregometry using 0.5 mg/mL AA and 10 µmol ADP. The aspirinresistant patients were found to have an increased relative risk of 3.12 for death, MI, or stroke (CVA) over a mean follow-up of 679 ± 185 days (95% confidence interval [CI], 1.10 to 8.90; P = 0.03). It should be noted that these patients were also evaluated by PFA-100, which found aspirin resistance in 9.5% of the patients. However, there was no correlation between the two methods, and only 1.2% of the patients were found to be aspirin resistant by both methods (23) . Chen et al (24) used the point-of-care rapid platelet functional assay to determine aspirin responsiveness in 151 patients scheduled for nonurgent percutaneous coronary intervention (PCI) with adequate clopidogrel pretreatment. They concluded that aspirin resistance was associated with a 2.9-fold increase of myonecrosis as evidenced by creatine kinasemyocardial band elevation (95% CI, 1.2 to 6.9; P = 0.015).
CLOPIDOGREL RESISTANCE
Clopidogrel is a noncompetitive inhibitor of ADP. The effect of ADP on platelets is mediated by two P2Y receptors, designated P2Y1 and P2Y12. The latter is the target of the thienopyridine drugs, ticlopidine and clopidogrel (25) . These drugs lead to inhibition of platelet activation, aggregation, and GpIIb/IIIa receptor activation.
The P2Y12 gene, which encodes the 342-amino acid receptor, was recently identified (26). Fontana et al (27) have identified a P2Y12 receptor haplotype that is strongly associated with an increase in ADP-induced platelet aggregation, and it is anticipated that other sequences will be found to explain interindividual variability. Clopidogrel is a prodrug activated by hepatic cytochrome P450 (CYP) 3A4. Lau et al (28) have demonstrated that interindividual variability of platelet inhibition by clopidogrel correlates with CYP3A4 activity. The next generation of P2Y12 inhibitors is expected to have shorter half-lives and adjustable dosing, which will allow flexibility in obtaining and maintaining a therapeutic effect.
The in vitro effect of clopidogrel on platelet function can be evaluated with aggregometry using the turbidometric or impedance method, or more recently the VerifyNow assay (8) . As in aspirin evaluation, flow cytometry can be used for assessment of clopidogrel platelet effect but remains expensive and requires an experienced technician.
Response to clopidogrel has been shown to have an effect on clinical outcome. Gurbel et al (29) used platelet aggregation and flow cytometry to assess platelet inhibitory response to a standard loading dose of 300 mg of clopidogrel in 113 patients undergoing elective PCI at baseline and at 2 hours, 24 hours, 5 days, and 30 days after stenting. They found that platelet inhibitory response PLATELET RESPONSE TO ASPIRIN AND CLOPIDOGREL: REVISITING THE CAPRIE, CURE, CREDO, AND MATCH TRIALS followed a normal distribution pattern and that patients with the highest pretreatment platelet reactivity remained the most reactive 24 hours after treatment.
Matetzky et al (30) used routine aggregometry as well as the Cone-and-Platelet analyzer to prospectively study 60 consecutive patients who underwent PCI with stenting for acute STelevation MI. They stratified patients into 4 quartiles according to the percentage reduction of ADP-induced platelet aggregation. Clopidogrel was administered on completion of the PCI. Forty percent of patients in the first quartile sustained a recurrent cardiovascular event during a 6-month follow-up, but only 1 patient (6.7%) in the second quartile and none in the third and fourth quartiles suffered an event. The authors concluded that up to 25% of ST-elevated MI patients undergoing PCI are resistant to clopidogrel and therefore may be at increased risk of recurrent cardiovascular events.
Serebruany et al (31) studied the variability in platelet responsiveness to clopidogrel among a group of 544 individuals, including volunteers, patients after PCI, patients with heart failure, and patients after CVA. The response of subjects followed a normal, bell-shaped distribution when aggregation was induced by 5 µmol/L ADP. When hyporesponsiveness and hyperresponsiveness were considered to be two standard deviations below and above the mean, the prevalence was 4.2% and 4.8%, respectively.
THE CAPRIE STUDY
The Clopidogrel versus Aspirin in Patients at Risk of Ischemic Event trial (CAPRIE) was a randomized, blinded trial designed to assess the relative efficacy of clopidogrel (75 mg once a day) and aspirin (325 mg once a day) in reducing a composite outcome of CVA, MI, or vascular death (1). The 19,185 patients-including subgroups of patients with atherosclerotic vascular disease manifested as either recent CVA, recent MI, or symptomatic peripheral vascular disease-were followed for 1 to 3 years, with a mean of 1.91 years. Clopidogrel-treated patients showed an annual 5.32% risk of CVA, MI, or vascular death compared with 5.83% in the aspirin group. These rates reflected a relative risk of 8.7% in favor of clopidogrel (95% CI, 0.3 to 16.5; P = 0.0043). Overall bleeding complications were similar in both groups, although there was a significantly increased risk of gastrointestinal bleeding in the aspirin group.
A subgroup analysis of the CAPRIE study involved 1480 patients with prior cardiac surgery (32) . Clopidogrel had a marked benefit over aspirin, with a 31.2% relative risk (95% CI, 15.8 to 43.8; P = 0.003). ADP receptor blockage has been shown to inhibit shear stress-induced platelet aggregation more effectively than aspirin (33) . This latter mechanism may be particularly important in surgical conduits, which are more likely to have perturbed flow. Histologically, there is also a difference between thrombus in venous grafts and thrombus in native coronary arteries. Dorsam et al have shown that antagonism of the P2Y12 receptor decreases both collagen-and thrombin-induced thrombin generation and thereby reduces platelet procoagulant activity (34) . Exclusion of the cardiac surgery subgroup from the CAPRIE trial would bring the relative risk down from 8.7% to 7.7%.
In other subgroups of patients, such as those with diabetes, atherosclerotic peripheral vascular disease, or hypercholesterolemia, clopidogrel offered an additional incremental benefit over aspirin, further reducing the relative risk of the remaining patients. A multivariate model evaluation of diabetic patients in CAPRIE showed that, compared with aspirin therapy, clopidogrel was independently associated with a decrease in MI, CVA, and vascular death (relative risk, 13.1%; 95% CI, 1.2 to 23.7; P = 0.032) and also caused fewer bleeding complications (35) . Osende et al found that in type 2 diabetes mellitus, when blood was perfused on a collagen surface under arterial shear, the extent of thrombus formation was proportional to the plasma hemoglobin A 1C level (36) , which might suggest that the incremental benefit of clopidogrel could be limited to those with poorly controlled diabetes. In this study, troglitazone, one of the thiazolidinedione drugs, was used to improve glycemic control. The thiazolidinediones have been shown through the platelet PPAR gamma receptor to blunt the release of thromboxanes and CD40 ligand (37) . Alternative methods of inhibiting TxA2 have been studied. In the Drug Evaluation in Atherosclerotic Vascular Disease in Diabetics (DAVID) trial, 1000 high-risk diabetics were randomized to receive either aspirin or picotamide, a dual TxA2 synthetase and thromboxane receptor antagonist. For the outcome of vascular death, patients receiving picotamide had a relative risk reduction rate of 40% compared with those receiving aspirin (38) .
It is also important to note that on entry into the CAPRIE trial, 80% of the patients were taking aspirin before randomization. The study does not mention how many of the patients were taking aspirin when they had the CVA or MI. It is certainly possible that a significant number of patients might have been on aspirin at the time of the qualifying event, and some of them might now be classified as aspirin resistant or nonresponders. The inclusion and randomization of unknown aspirin-resistant patients in the CAPRIE trial would lead to a greater-than-expected failure rate within the aspirin arm of the study. This would increase the reported relative risk advantage for clopidogrel. The problem of aspirin resistance suggests the possibility that the reported results of CAPRIE may not be valid for the general population.
THE CURE STUDY
The CURE study, which examined the effects of clopidogrel in addition to aspirin in patients with acute coronary syndromes without ST-segment elevation, enrolled 12,562 patients who had presented within 24 hours after the onset of symptoms and randomly assigned them to receive either clopidogrel with aspirin or placebo with aspirin for 3 to 12 months, with a mean of 6 months (2). The dose of aspirin varied from 75 to 325 mg, but this was not reported to affect the outcome. However, the higher doses increased the bleeding complication rate, a finding that is supported by the Antithrombotic Trialists' Collaboration. The first primary outcome-a composite of death from cardiovascular causes, nonfatal MI, or CVA-occurred in 9.3% of the patients in the clopidogrel group and 11.4% of the patients in the placebo group, giving a relative risk of clopidogrel with aspirin compared with aspirin plus placebo of 0.80 (95% CI, 0.72 to 0.90; P = 0.001). The benefit of clopidogrel was significant within the first 24 hours.
Within the CURE trial, 2658 patients underwent PCI and received open-label clopidogrel for 4 weeks, after which the study drug was restarted for a mean of 8 months. In the PCI-CURE study, 4.5% of the clopidogrel group reached the primary endpoint, compared with 6.4% of the placebo group (relative risk, 0.70; 95% CI, 0.50 to 0.97; P = 0.03). Sixty-five percent of the patients had been taking aspirin before being entered into the CURE trial, and it might be assumed that a certain number would be aspirin resistant and could be considered aspirin failures. It would be of interest to review the raw data of the study to see if this cohort of patients had different outcomes than the remaining patients who were naive to aspirin.
In the PCI-CURE study patients, clopidogrel appeared to show continued benefit at 12 months, whereas in the CURE study the benefit related to primary outcome seemed to wane at around 6 months (39) . The extent to which clopidogrel benefits patients who do not require PCI, then, is unclear. In an acute ischemic event, the combination of aspirin and clopidogrel may be required initially, but perhaps a few months afterward patients with no complications could be managed with aspirin alone, if resistance is not noted.
THE CREDO STUDY
The Clopidogrel for the Reduction of Events During Observation (CREDO) (3) trial was designed to evaluate the efficacy and safety of clopidogrel therapy for 1 year and the efficacy and safety of a loading dose of clopidogrel prior to elective PCI.
Investigators randomly assigned 2116 patients to receive a 300-mg clopidogrel loading dose (n = 1053) or placebo (n = 1063) 3 to 24 hours before PCI. Thereafter, all patients received clopidogrel 75 mg/day through day 28. From day 29 through 12 months, patients in the loading-dose group received clopidogrel 75 mg/day, and those in the control group received placebo. Both groups received aspirin throughout the study, but the dose could vary from 81 to 325 mg/day. At 1 year, the combined risk of death, MI, or CVA in long-term clopidogrel therapy was associated with a relative risk reduction of 26.9% (P = 0.02). The combined endpoint occurrence rate in the clopidogrel group showed continued increasing advantage through the 12 months. Preloading with clopidogrel showed an advantage only in a subgroup who received the drug at least 6 hours before PCI.
Clopidogrel increased the risk of major bleeding at 1 year: 8.8% with clopidogrel versus 6.7% with placebo (P = 0.07), and approximately two thirds of major bleeding occurred in patients undergoing coronary artery bypass surgery.
Of the 2116 randomized patients, 831 permanently discontinued the study drug. Among these patients, those in the clopidogrel group reported 142 adverse events, and those in the placebo group reported 119 adverse events.
THE MATCH STUDY
The MATCH study compared aspirin 75 mg/day with placebo in 7599 high-risk patients with recent ischemic CVA or transient ischemic attack and at least one additional vascular risk factor; patients were already receiving clopidogrel 75 mg/day for up to 18 months (4). The primary endpoint was a composite of CVA, MI, vascular death, or acute ischemia, which was reached in 15.7% of the aspirin and clopidogrel group and in 16.7% of the placebo and clopidogrel group, for a relative risk reduction of 6.4% (95% CI, 4.6 to 16.3; P = 0.244). The endpoint of CVA, MI, or vascular death was attained in 11.7% of the aspirin and clopidogrel group and in 12.4% of the placebo and clopidogrel group, for a relative risk reduction of 5.9% (95% CI, 7.1 to 17.3; P = 0.360). The risk of life-threatening or major bleeding was increased by the addition of aspirin (P = 0.0001). The authors concluded that because of benefit-to-risk considerations, the trial did not show an additional value of adding aspirin to clopidogrel in high-risk patients with transient ischemic attack or CVA. A point of interest would be whether patients who are hyperresponders to clopidogrel might have an increased risk of major bleeding.
STUDIES IN PROGRESS
The Clopidogrel for High Atherothrombotic Risk and Ischemic Stabilization, Management, and Avoidance (CHARISMA) trial includes more than 15,000 high-risk but stable patients. It compares clopidogrel and aspirin with aspirin alone in primary and secondary prevention, with a mean anticipated follow-up of 42 months.
Lev has evaluated aspirin and clopidogrel drug response in patients undergoing elective PCI. Preliminary data show that 50% of patients resistant to aspirin were also resistant to clopidogrel. Fifteen percent of the study patients were resistant to aspirin, 24% were resistant to clopidogrel, and 7.5% were resistant to both drugs. Several other important studies are in progress, one of which is the Research Evaluation to Study Individuals Who Show Thromboxane or P2Y12 Receptor Resistance (RESISTOR) trial, which will examine variability in response to antiplatelet therapies.
CONCLUSION
Our knowledge of platelet biology and pathology continues to expand rapidly. There is a need to determine which of the several in vitro assays available can be used as a common standard to assess in vitro platelet function. The VerifyNow assay for aspirin and clopidogrel is attractive because of its ease of use and reproducibility.
A significant number of patients are now reported to be nonresponsive to aspirin and clopidogrel, and some are nonresponsive to both. It remains to be seen whether further increases of the dose of the drug in these nonresponsive patients will lead to a response and how many will continue to be truly nonresponsive and may then be considered to be resistant to the in vitro assay. Responders exhibit a normal distribution of response to a fixed standard dose, and therefore it becomes important to determine, for each patient, the dose required to produce the in vitro level of response needed for the maximal clinical benefit-to-risk ratio.
Several recent studies now clearly show that the in vitro response to either aspirin or clopidogrel can affect the rate of atherosclerotic events. This important information was not available at the time of CAPRIE, CURE, CREDO, and MATCH, and so some of the conclusions of these trials cannot be extended to the general population. Nevertheless, the studies do indicate that the higher the patient's risk of a cardiovascular event, the greater the benefit of combined synergistic aspirin and clopidogrel action. In addition, in acute inflammatory states, such as acute coronary syndrome and PCI, the macrophage's increased TxA2 production may play an important role in overriding the effect that aspirin may have on platelet activity, and addition of a thromboxane receptor antagonist may be of benefit during these events.
PLATELET RESPONSE TO ASPIRIN AND CLOPIDOGREL: REVISITING THE CAPRIE, CURE, CREDO, AND MATCH TRIALS The cost of clopidogrel is about 50 times that of aspirin. The combination of aspirin and clopidogrel clearly is known to increase the risk of bleeding morbidity and mortality. These are further reasons why it is important to carefully decide the choice as well as the dose of the prescribed drug.
Finally, it appears reasonable to consider including in vitro platelet response as an important correctable risk factor for atherosclerotic events.
